A liquid chromatography -tandem mass spectrometry (LC-MS/MS) method for the determination of oxytetracycline (OTC), 4-epi oxytetracycline (4-epi OTC), tetracycline (TC), 4-epi tetracycline (4-epi TC), chlortetracycline (CTC), 4-epi chlortetracycline (4-epi CTC), doxycycline (DC), minocycline (MINO), methacycline (META) and rolitetracycline (ROLI) residues in muscles was developed. The procedure consisted of an oxalic acid extraction followed by protein removal with trichloroacetic acid. Further solid phase clean-up on polymeric (Strata X) reversed phase columns was performed to obtain an extract suitable for LC-MS/MS analysis. The tetracyclines were separated on a C 18 analytical column with mobile phase consisting of 0.01% formic acid in acetonitrile and 0.01% formic acid in water in gradient mode. The method was validated according to the Commission Decision 2002/657/EC. The recoveries of all target compounds were 91.8% -103.6%. The decision limits were from 109.0 to 119.8 µg/kg and detection capability varied within the range of 122.2 to 137.6 µg/kg, depending on the analyte.
Introduction
Tetracycline antibiotics (TCs) are widely used in veterinary and human medicine because of the broad spectrum of antibacterial activity, easy availability, economic advantages, and treatment efficiency. The antibacterial activity, as well as physicochemical and pharmacokinetic properties are strongly related to TCs chemical structure (Fig. 1) . Oxytetracycline (OTC), tetracycline (TC), chlortetracycline (CTC), and doxycycline (DC) are the main compounds commonly applied to food-producing animals as veterinary medicines. Minocycline (MINO), methacycline (META), and rolitetracycline (ROLI) are tetracycline derivates, rarely used in veterinary medicine. However, for some reasons, these derivates may also be used for animals. MINO has the highest biological activity among the TCs and is active against tetra-resistant pathogens. ROLI is easily soluble in water, so it is more suitable for injection than other TCs. META is more stable than tetracycline and increases blood level with smaller doses (27) . The misuse and failures to follow the label directions for approved TCs may lead to TCs residues in products of animal origin. The residue of such drugs may result in many adverse biological effects and allergic reactions in consumers (27) . Moreover, low level doses of antibiotic consumed for a long period of time can cause the spread of drug-resistant bacteria and bacterial resistance acquisition in humans (27) . In the European Union, the maximum residue limits (MRLs) for TC, OTC, CTC, and DC have been set at 100 µg/kg in muscle (11) . TCs are very unstable and decompose rapidly under the influence of light and atmospheric oxygen, forming many degradation products, such as 4-epimers (20) . Therefore, the quantitative determination of TCs requires taking into account metabolites for OTC, TC, and CTC, and MRLs values for these compounds were established as a sum with their epimers, except for DC, where 4-epi DC is not included in the MRL. There are no MRLs values set for MINO, META, ROLI in animal products (11) .
In order to protect consumers' health and assure confidence in the animal production, it is important to determine and monitor all tetracycline antibiotics used in veterinary medicine. Many instrumental methods have been reported for determination of TCs in various matrices. HPLC with UV detection was a commonly used method in the TCs analysis in muscles (23, 32) . Fluorescence detection was also reported by several authors (17, 18, 22, 28) . The sensitivity and selectivity of these methods might be improved when coupled with mass spectrometry detection (3, 4, 8, 24, 25) . Using a mass spectrometer for antibacterial compound detection offers many advantages, such as independence from a chromophor and fluorophor, the possibility of structural information, lower detection limits, and easier separation of co-eluting peaks (26) . Although the degradation products of TCs and the presence of epimers of OTC, TC, and CTC was proven, there are still many HPLC-based methods suitable for determination of parent compounds only (3, 9, 25, 28, 31) . For screening purposes, the determination of TCs with their degradation products does not require additional confirmatory methods, usually based on liquid chromatography -tandem mass spectrometry (LC-MS/MS); however, the quantitative analysis of TCs should also include TC epimers. There are only a few methods for simultaneous determination of four commonly applied TCs (OTC, TC, CTC, DC) in muscles with MINO, META, ROLI hardly ever presented (32) . In this study, a sensitive and specific method for simultaneous analysis of seven tetracyclines with three selected degradation products (4-epimers of TC, OTC, and CTC) in muscles was developed. The analysis was performed by LC-MS/MS after a simple solid-phase extraction (SPE).
Material and Methods
Reagents. All organic solvents were HPLC grade and all chemicals were analytical grade. Formic acid was from Fluka® (USA). Acetonitrile (ACN) and methanol (MeOH) were from J.T. Baker® (the Netherlands). ACN and MeOH were gradient grade, HPLC and LC-MS analysed. Oxalic acid dihydrate (ACS), citrate acid, and trichloracetic acid (TCA) were from POCh (Poland). Water was purified using Milli-Q system. Strata X (33 µm, 100 mg, 6 mL) solid phase extraction (SPE) columns were obtained from Phenomenex® (USA). Carboxylic acid (COOH) SPE cartridges and octadecyl (C18) SPE cartridges were from J.T. Baker® (the Netherlands). Oasis HLB columns were supplied by Waters (USA). PVDF syringe filters (0.45 μm, 13 mm) were received from Restek® (USA).
Analytical standards and standard solutions. TC, OTC, CTC, DC, 4-epitetracycline (4-epiTC), MINO, META, ROLI, and demeclocycline (DEMC) standards were obtained from Sigma-Aldrich Chemical Company (USA). 4-epioxytetracycline (4-epiOTC) and 4-epichlortetracycline (4-epiCTC) as hydrochlorides were from the Toronto Research Chemicals (Canada). Stock standard solutions of TCs (1 mg/mL) were prepared by weighing 10.0 ± 0.1 mg of each substance and quantitative transfer to a 10 mL volumetric flask and filling to volume with methanol. Stock standard solutions were stable for six months when stored at the temperature below -18ºC in amber glass. Working standard solutions and mixed standard solutions were prepared by diluting suitable aliquot of stock standard in ultra pure water in amber volumetric flasks and were stable for three months when stored at 2-8ºC.
Extraction and clean-up. A portion of 2.0 g, homogenised chicken breast muscle was weighed into a centrifuge tube and 15 mL of 0.02 M oxalic acid buffer, pH 4.0, was added, vortex-mixed for 10 min, and then centrifuged for 10 min at 3500 rpm at 5°C. Upper layer was transferred into a new tube. An additional volume of 10 mL of 0.02 M oxalic acid buffer, pH 4.0, was added to the remaining matrix and the samples were stirred and centrifuged for 10 min at 3500 rpm at 5°C. After double extraction, the extract solutions were coupled. An aliquot of 3 mL of 20% trichloracetic acid was added to combined supernatants and the content of the tube was stirred and centrifuged for 15 min at 3500 rpm at 5°C. The supernatant was loaded on the SPE polymeric cartridges, preconditioned with 3 mL of methanol, 3 mL of 1 M hydrochloric acid, and 3 mL of water (1-2 mL/min). Then the bed of cartridges was washed with 3 mL of 0.02 M oxalic acid buffer, pH 4.0, and 2 mL of water with a speed of 1-2 mL/min and vacuum -dried for 10 min. The analytes were eluted with 5 mL of methanol (0.5 mL/min). The extract was evaporated to dryness under gentle nitrogen stream at 40ºC. The residue was finally reconstituted in 0.5 mL of 0.1% formic acid in water and filtered through 0.22 µm PVDF syringe filters into amber vials.
Liquid chromatography -tandem mass spectrometry analysis. To analyse TCs residues, an Agilent Series 1200 HPLC system (Agilent Technologies, Germany) connected with an API 4000 triple quadrouple mass analyser with a TurboIonSpray source (Applied Biosystems, Canada) was used. The mass spectrometry (MS) detector was configured as electrospray ionisation (ESI). The ESI was operated in the positive ion mode and MS data acquisition was performed in the multiple reaction monitoring (MRM) mode. The MS optimisation was conducted both with direct infusion of working standard solution from a syringe pump and with LC injection. The Analyst 1.5 (AB Sciex) software controlled the LC-MS/MS system and processed the data. Nitrogen was used as nebuliser gas, curtain gas, and collision gas. Collision energy (CE) was optimised to maximise the relative abundance for ion transition. The following mass spectrometer parameters were used: resolution Q1 and Q3 = unit; nebuliser gas = 40 psi; auxiliary gas = 50 psi, curtain gas = 20 psi; collision gas = 3 psi; ion spray voltage = 5500; temperature = 500ºC. The fragmentation reactions used for monitoring were selected on the basis of their significance in products ion spectra.
The chromatographic separation was performed on a Luna C18 (150 × 2.0 mm, 3 ) analytical column (Phenomenex) coupled with octadecyl guard column (2 × 4 mm) (Phenomenex). The mobile phase consisted of solvent A -0.1% formic acid in water and solvent B -0.1% formic acid in acetonitrile (v/v). The elution was performed in a gradient mode. The mobile phase starting conditions were 95% of eluent A for 2 min and then decreased to 10% within 9 min. This composition was stable for 3 min, and then increased to 95% of eluent A. The chromatographic column was operated at 35°C with a flow rate of 0.25 mL/min.
Validation. The presented method was validated as recommended by the European Commission Decision 2002/657/EC (10). The validation study was performed in terms of linearity, recovery, specificity, precision (repeatability and within-laboratory reproducibility). The limit of detection (LOD) and limit of quantification (LOQ), as the lowest point of matrixmatched calibration curve of the method, were both calculated. Additionally, during the validation process the decision limit (CCα) and detection capability (CCβ) were evaluated. CCα value was established with an error of α = 5% (probability of false non-compliant ≤5%) and CCβ was determined with an error β = 5% (probability of false compliant samples ≤5%). Linearity was tested by preparing matrix-matched calibration curve on six concentration levels corresponding to 0, 0.5, 1, 1.5, 2, 5 times of the maximum residue limits (MRLs) values for OTC, TC, CTC, DC and 0, 0.5, 1, 1.5, 2, 5 times of the validation level (VL) for MINO, META, and ROLI in muscle samples. The calculations were obtained by plotting the response of respective analyte/internal standard peak area ratio versus the analyte/internal standard concentration. The correlation coefficient was evaluated. For the calibration curve, the linear regression equation (y = ax + b) was applied. Validation level for MINO, META, and ROLI was defined as 100 µg/kg. The specificity of this method was evaluated by analysing 20 different blank chickenmuscle samples. Repeatability and within-laboratory reproducibility were determined by the repeated analysis (n = 6) of muscle samples spiked with TCs at concentrations corresponding to 0.5, 1.0 and 1.5 times of the MRL/VL, from run-to-run during 1 d and 3 d respectively, calculated in reference to internal standard (IS) using matrix-matched calibration curve. Precision was evaluated by calculating the relative standard deviation (RSD) of the results obtained for each level of the target compound. The accuracy calculated as recovery was evaluated in the same experiment as repeatability by comparing the measured concentrations to the concentrations of analyte in fortified samples.
Results
For quantitative analysis of TCs, a liquid chromatography -mass spectrometry LC-MS/MS system was optimised. The optimal conditions obtained for the analysis of TCs compounds by LC-MS/MS, including precursor ion (Q1), product ion (Q3), declustering potential (DP), collision energy (CE), cell exit potential (CXP), and retention time (RT), are listed in Table 1 . The dwell time for both transitions was 100 ms. Full scan spectra were obtained by injecting standard solution of TCs compound into a mass spectrometer.
During the optimisation of the TCs separation, the following analytical columns were tested: Luna C18, Halo C18, Kinetex XB-C18, Nucleoshell RP 18, and Poroshell 120 EC-C18. The optimal chromatographic separation of TCs and their 4-epimers on the octadecyl column with the mobile phase consisting of the mixture of 0.1% formic acid in acetonitrile and 0.1% formic acid in water in gradient mode was obtained. As IS, a demeclocycline -a member of tetracycline group not used in food-producing animals, was chosen. Fig. 2 demonstrates the LC-MS/MS chromatograms of a muscle sample spiked with TCs and IS at the level of 100 µg/kg.
In the extraction and clean-up step, comparative studies of different extraction solutions coupled with different SPE cartridges were conducted. To isolate TCs from biological matrix, the oxalic acid buffer, citrate buffer, trichloracetic acid solution, acetonitrile, and ethyl acetate were tested. The optimal conditions for sample preparation were achieved when the mixture of 0.02 M of oxalic acid (pH 4) with 5% trichloracetic acid was used as extraction solvents. Comparison of TCs recovery with different extraction solvents is presented in Fig. 3 . For the cleaning-up optimisation, the following cartridges were used: carboxylic acid, octadecyl, and polymeric Strata X. The results of different cartridge testing are listed in Table 2 . The cleaning-up with polymeric Strata X cartridges and PVDF filters was found most suitable.
The validation results obtained for the presented method were repeatable and reproducible with the repeatability RSD for TCs and 4-epiTCs lower than RT -retention time, DP -declustering potential, CE -collision energy, CXP -cell exit potential, m/z -mass/charge, V -volt 10% at all fortification levels and within-laboratory reproducibility lower than 15%. Linear response meeting validation criteria was observed (R 2 > 0.9800) for all analytes. The specificity of the method was tested by analysis of blank muscle samples and there was no significant chromatographic interference around the retention time of the analytes. The mean TCs extraction accuracy (calculated as recovery) for spiked muscle samples was within the range of 91.8% -103.6%. The procedure was sufficiently sensitive with the limit of detection established at the level of 2 μg/kg and the limit of quantification -5.0 μg/kg for all analytes. All validation parameters obtained for TCs and 4-epiTCs determination in spiked muscle samples are listed in Table 3 .
Discussion
Interactions with silanols and trace metals present in silica packing materials are observed in chromatography analysis of TCs, often contributing to peak tailing (26, 27) . To minimise these undesirable effects, acidic mobile phases are generally used. Towards this, formic, citric, phosphoric, and acetic acids are used (3, 8, 24) . Triethylamine is a very common additive used to block silanols groups in reversed-phase chromatography when separating basic analytes (21) . Oxalic acid in a mobile phase shows a significant efficiency in softening the effect of residual silanols on the stationary phase and good TCs separation without tailing (6, 16, 24, 30) . However, it should be taken into account that mobile phases containing non-volatile compounds used in LC -MS or LC -MS/MS may cause clogging at the interface and a build-up of deposits in the ion source (26, 27) . In the presented study, oxalic acid buffer: acetonitrile as mobile phase components were tested and the separation of TCs was satisfactory, but because of the ion source potential contamination of such mobile phase, the composition was abandoned. In the next step various percentages of ACN with formic acid were tested, but the separation was not satisfactory. Finally, the mobile phase consisting of 0.1% formic acid in acetonitrile (A):0.1% formic acid in water (B) used in this method allowed us to obtain sharp and symmetrical peaks of TCs without any clogging problems with analyte peak asymmetry factor near 1.0.
In different studies the use of polymeric (8, 14, 15, 29) , phenyl (23), C8-bonded silica (2), or C18 analytical columns to analyse TCs in animal tissues (4, 7) have been presented. Polymeric columns were chosen to eliminate interaction of silanols and trace metals, but Mc Cracken et al. (22) obtained less satisfactory results with a polymer column versus a commonly use C8 or C18 analytical column. In the presented study, the best results were achieved on Luna C18 column. The poor resolution with enormous peak tailing on Kinetex XB-C18 and Halo C18 columns were observed.
Tandem mass spectrometry in combination with LC-ESI-MS has been recognised as a rapid, sensitive, and selective method for the determination of TCs in complex biological samples. In ESI-MS, the response is mainly due to the different ionisation efficiencies in the ESI process, i.e. acid-base equilibrium or thermodynamic stabilities of ions in liquid and gas phase. When ESI is used, pseudomolecular ions (M- + ions in the ESI mass spectra, and these ions are very useful for the confirmation of these compounds. The fragmentation pathways of TCs were also described by Kamel et al. (19) and were mainly explained by the loss of H2O, NH3, CO and NH(CH3)2. Thus, the most abundant product ions were chosen as the quantification ions (Table 1) .
The main difficulty in isolation of TCs residues from biological matrices is sample protein binding and connecting with metal ions. Additionally, TCs are strongly sensitive to light exposure and acidic conditions (1) . For effective extraction of TCs from tissues with high extraction efficiency, buffers within the range of 4.0 -5.0 pH values are recommended (20) . In most studies, extraction with a mild acidic solvent containing EDTA (0.1 M EDTA -McIlvaine buffer, pH 4.0), citric acid, and oxalic acid has been described to overcome these undesirable properties with acceptable extraction efficiencies (7, 15, 24, 27, 28, 30) . Cooper et al. found the citrate buffer (pH 5.0) with ethyl acetate to be the most effective in TCs isolation (13) . Sodium succinate solution as well as ethyl acetate was also reported. In the present study, TCs were extracted using oxalic acid buffer to dechelate the TCs-metal complex. Different pH values of solvent extraction were tested (2.0, 4.0, and 6.0). The best results were obtained when the pH 4.0 of oxalic acid buffer was used. When muscle samples were extracted with acetonitrile, the recovery of TCs was much lower. It was considered that strong acid and acidic deproteinising agents are suitable to extract TCs from biological samples. The addition of trichloracetic acid to the extraction step coagulated and removed the protein that may occur in the matrix. The effect of different concentrations of trichloracetic acid were studied and the results showed that 20% concentration was the most effective.
As described above, TCs have a chelating ability, which has been used to establish a clean-up method, such as metal chelate affinity chromatography (12, 14) . However, this method requires complicated procedures and gives poor recovery and reproducibility. Matrix solid phase dispersion using a C18 adsorbent was also tried (4, 5) . However, our results showed that the octadecyl packing was found not suitable for clean-up extracts from muscle samples. Since TCs have good water solubility, solid phase extraction is the preferred method for their extraction. For the clean-up purposes several types of SPE cartridges were presented in the literature: C18 (30), polymeric (9, 28) , carboxylic acid (17, 18) , styrene-divinylbenzene (29), or cyklohexyl (22) . However, after our comparison of different SPE packings, the polymeric Strata X was found the most efficient because of the highest recovery and cleanest extract and this kind of sorbent was finally selected. It was found that because the columns are made of polymer there were no Ca 2+ residues and no silanol effect (1) .
TCs antibiotics are most often applied to livestock animals as veterinary medicine (27) . The control of their residues in food of animal origin with reliable and sensitive methods is an important part of consumers' health protection. The method presented in this study is selective, sensitive, and accurate, as it was shown by the validation, and can be successfully applied to routine identification of several TCs residues in muscle samples. The presented method is valuable for confirmation of the results yielded by microbiological screening methods. The developed method was verified in proficiency testing programme organised by the Central Sciences Laboratory in United Kingdom (FAPAS Programme) and European Union Reference Laboratory in France (ANSES Fougères). The satisfactory z-score result obtained in these testings proves suitable reliability of the described method. The presence of TCs was confirmed many times in the samples of animal tissues at concentrations exceeding the MRL values. Among all tetracycline antibiotics analysed in the Residue Control Programme, doxycycline has been the most commonly detected compound in animal tissues.
